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ABSTRACT: Entropy calculations represent one of the most challenging steps in obtaining the
binding free energy in biomolecular systems. A novel computationally effective approach (IE)
was  recently  proposed  to  calculate  the  entropy  based  on  the  computation  of  protein-ligand
interaction  energy  directly  from molecular  dynamics  (MD)  simulations.  We present  a  study
focused  on  the  application  of  this  method  to  flexible  molecular  systems  and  compare  its
performance  with  well-established  normal  mode  (NM)  and  quasiharmonic  (QH)  entropy
calculation approaches. Our results raise substantial concerns on the general applicability of IE in
terms of reproducibility, reasonable absolute values of the entropy and agreement with NM and
QM approaches. IE shows significant variation in the computed entropy values depending on the
MD frames chosen for calculations. These deviations render reproducibility of IE calculations to
be  far  from  sufficient.  We  conclude  that  IE  is  recommended  to  be  used  after  substantial












































compute the entropy21. A QH approach yields the conformational entropy of a molecule in an 
“effective” quadratic potential, implicitly including effects of solvent, which renders its results to
be different from results from the NM approach. Moreover, the conformational entropy 
calculated by both above-mentioned methods represent only a part of the total entropy change in 









Ep ,El ,Ew  are protein, ligand and solvent internal energies, respectively;  Epl
int , E pl































equilibration of the system, it is possible to impose an energy cut-off for such an energy spike in 


















5.6±1.4 Å, which provided a high structural variety of the peptide conformations. For blind 
docking simulations for each of the peptide conformations, Autodock 3 (AD3)42 was used with 
the protocol optimized for the glycosaminoglycan ligands43, which similarly to suramin are linear
and contain numerous sulfate and sulfonate groups. Flexible ligand docking was carried out 
within a box with a grid step of 0.375 Å. The Lamarckian genetic algorithm was applied with the
following parameters: initial population size of 300, 105 generations, 9995·105 energy 
evaluations, 103 independent runs. All torsional angles besides C-S for sulfonates were flexible 
during docking. In overall, this corresponded to 10 torsional angles degrees of freedom for the 
7
1
suramin molecule. Fifty top docking solutions were clustered by the DBSCAN algorithm44 with a
neighbourhood search radius of 2 Å and minimal number of points of 2. One representative from
each cluster corresponding to the highest AD3 score was further chosen for MD-based analysis. 
Molecular dynamics and MM­GBSA calculations. MD simulations were run for protein­ligand 
complexes using the following protocol. The complexes were solvated in a periodic TIP3P 
truncated octahedron water box with a minimal distance of 15 Å between complex atoms and the
box, and charge neutralizing counter-ions were added. The ff14SB and GAFF force field 








off for non-bonded interactions and Particle Mesh Ewald method for long-range electrostatic 
interactions were applied. The simulations were carried out in NTP with Langevin temperature 
coupling with collision frequency parameter γ = 1 ps-1 and integration step of 2 fs with the 
SHAKE algorithm applied to the bonds containing hydrogen atoms. MD trajectories were 
recorded every 10 ps. Energetic post-processing of the trajectories was done using MM-GBSA 


































































according to the principle of the IE approach, the entropic term is purely determined by the 
interactions between the complex counterparts averaged over the equilibrated MD trajectory of 
their complex and neglects potential changes of their configurations occurring upon complex 
formation. Therefore, the application of IE for a case system from the dataset of Duan et al.22 
yielded far more meaningful results than in case of CM15-suramin complexes, where significant 
conformational changes in both complex counterparts are observed upon binding. In addition, a 
very high interaction energy variances observed for different CM15-suramin docked structures in
the MD analysis lead to the high differences in the IE-derived entropy values for this system. 
This suggests that IE methodology is not intended to yield meaningful data when applied for 
ranking of the diverse and a priori not sufficiently equilibrated structures obtained by a 







name <Eint> ΔGsol ΔH IE NM QH IE NM QH
3kgp_1 -106.1 79.1 -27.0 24.2 18.2 17.9 -2.8 -8.8 -9.1
3kgp_2 -105.0 79.0 -26.1 20.9 17.7 17.1 -5.2 -8.3 -9.0
3kgp_3 -112.9 84.8 -28.1 19.4 17.3 18.7 -8.7 -10.8 -9.4
CM-S_22_1 -971.3 936.9 -34.4 241.4 34.9 33.3 207.0 0.5 -1.1
CM-S_22_2 -1191.0 1131.5 -59.5 236.6 43.3 38.5 177.1 -16.2 -21.1
CM-S_22_3 -1237.8 1174.1 -63.7 156.8 40.2 39.8 93.1 -23.5 -23.9
CM-S_29_1 -1337.7 1283.3 -54.4 150.2 40.9 37.9 95.8 -13.5 -16.5
CM-S_29_2 -1132.5 1085.7 -46.8 134.9 39.8 37.1 88.1 -7.0 -9.6
CM-S_29_3 -1116.7 1055.6 -61.1 104.5 38.4 40.4 43.4 -22.7 -20.7
CM-S_41_1 -1275.3 1219.7 -55.6 143.4 45.3 38.1 87.8 -10.3 -17.5
CM-S_41_2 -1387.7 1326.0 -61.6 186.0 43.7 40.3 124.4 -18.0 -21.3
CM-S_41_3 -1219.6 1164.6 -55.0 107.9 42.5 39.1 52.9 -12.4 -15.9
CM-S_22_RES1 -1083.6 1039.2 -44.4 62.9 42.9 23.1 18.5 -1.5 -21.3
CM-S_22_RES2 -1049.7 1004.8 -44.9 76.1 46.2 22.6 31.2 1.3 -22.3
CM-S_22_RES3 -1084.6 1038.5 -46.1 90.5 40.2 23.1 44.4 -5.9 -23.0
CM-S_29_ES1 -1044.9 998.0 -46.9 185.3 42.0 23.2 138.4 -4.9 -23.7
CM-S_29_RES2 -1051.4 1004.6 -46.8 165.7 41.8 23.4 118.9 -5.0 -23.4
CM-S_29_RES3 -1002.0 956.0 -46.0 130.2 40.1 25.8 84.2 -5.9 -20.2
CM-S_41_RES1 -1232.1 1193.2 -38.9 70.6 42.2 22.8 31.7 3.3 -16.1
CM-S_41_RES2 -1226.1 1187.5 -38.6 54.2 42.3 22.9 15.6 3.7 -15.7
CM-S_41_RES3 -1228.6 1190.0  -38.6 56.8 42.2 23.0 18.2 3.6 -15.6
ASP_ARG_1 -22.3 21.8 -0.5 11.1 0.2 -28.6 10.6 -0.3 -29.1
ASP_ARG_2 -18.3 17.9 -0.4 7.3 0.01 -28.6 6.9 -0.4 -29.0
ASP_ARG_3 -15.2 15.0 -0.2 4.4 -0.7 -28.9 4.2 -0.9 -29.1
ASP_ARG_RES1 -32.0 31.3 -0.7 14.4 2.2 -24.6 13.7 1.5 -25.3
ASP_ARG_RES2 -45.8 44.0 -1.8 27.3 2.9 -25.1 25.5 1.1 -26.9










IE 1 0.16 0.11
NM 0.16 1 0.34
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